We have investigated the low-temperature optical properties of InSb quantum-well ͑QW͒ light-emitting diodes, with different barrier compositions, as a function of well width. Three devices were studied: QW1 had a 20 nm undoped InSb quantum well with a barrier composition of Al 0.143 In 0.857 Sb, QW2 had a 40 nm undoped InSb well with a barrier composition of Al 0.077 In 0.923 Sb, and QW3 had a 100 nm undoped InSb well with a barrier composition of Al 0.025 In 0.975 Sb. For QW1, the signature of two transitions ͑CB1-HH1 and CB1-HH2͒ can be seen in the measured spectrum, whereas for QW2 and QW3 the signature of a large number of transitions is present in the measured spectra. In particular transitions to HH2 can be seen, the first time this has been observed in AlInSb/InSb heterostructures. To identify the transitions that contribute to the measured spectra, the spectra have been simulated using an eight-band k . p calculation of the band structure together with a first-order time-dependent perturbation method ͑Fermi golden rule͒ calculation of spectral emittance, taking into account broadening. In general there is good agreement between the measured and simulated spectra. For QW2 we attribute the main peak in the experimental spectrum to the CB2-HH1 transition, which has the highest overall contribution to the emission spectrum of QW2 compared with all the other interband transitions. This transition normally falls into the category of "forbidden transitions," and in order to understand this behavior we have investigated the momentum matrix elements, which determine the selection rules of the problem.
I. INTRODUCTION
There is growing interest in the development of InSb/ Al x In 1−x Sb-based quantum wells ͑QWs͒ for uncooled, low power dissipation high-speed transistors, 1 for lasers, 2 and for devices exhibiting quantum effects such as quantized conductance, 3, 4 where the low electron effective mass ͑0.014m e ͒ offers the prospect for elevated temperature operation due to enhanced quantum confinement. 4 The high electron g factor ͑ϳ−51͒ also makes InSb/ Al x In 1−x Sb QWs particularly attractive for quantum information applications. 5 Quantum confinement was first demonstrated in InSb/ Al x In 1−x Sb multiquantum-well ͑MQW͒ samples, grown on InSb substrates, using photoluminescence ͑PL͒ spectroscopy. 6 Recent developments in growth techniques have allowed high quality heterostructures to be grown on semi-insulating ͑SI͒ GaAs substrates, which is important for many device applications, and the optical properties of MQW structures grown on GaAs have been studied in absorption spectroscopy [7] [8] [9] and photoluminescence measurements. 10 However only one study of the optical properties of single InSb QWs, using photoluminescence, has so far been published, 11 although many novel devices could be perhaps realized using single InSb QWs. For example, such a well could be used to develop a highfrequency single-photon source emitting in the technologically important 3 -5 m wavelength region, 5 for example, at 3.9 m, which could enable long-distance, free-space secure communication, via quantum cryptography, with low atmospheric scattering and absorption. In this proposed device, single electrons would be injected into the p-type region of a lateral InSb QW light-emitting diode ͑LED͒. 12 A greater understanding of the optical properties of single InSb QWs is therefore required before their unique characteristics, such as the high electron g factor can be fully exploited, and in this paper we analyze the low-temperature emission spectra of conventional vertical LEDs containing active regions consisting of InSb quantum wells of varying thicknesses. 13 Electroluminescence studies provide an exciting experimental platform that offers additional degrees of freedom, such as the ability to vary the net bias across the quantum wells that complement photoluminescence techniques. The measured emission spectra, which are compared to simulations carried out using an eight-band k . p model, exhibit a number of features, including a large number of observed transitions, which reflect the unique properties of this material system.
II. THEORETICAL MODEL

A. Band-structure model
For the theoretical description of the QW-based LED we have chosen the z axis of the Cartesian coordinate system to lie along the growth direction of the device. The bulk band structure in the vicinity of the ⌫ point of InSb and its alloys is well described 14 by the semiempirical k . p method. 15, 16 To find the energy spectrum and wave functions of electrons and holes localized in the QWs we employed the envelope function approximation ͑EFA͒ ͑Ref. 16-22͒ as the generalization of the k . p method for heterostructures. We took into account the heavy-and light-hole bands, with symmetry ⌫ 8 v , the spinorbit split bands ⌫ 7 v , and the lowest conduction bands ⌫ 6 c , the ones used in an eight-band k . p description of bulk materials. For the band-edge Bloch functions u j,k=0 ͑r͒ we used the phase convention defined by Weiler. 23 Their explicit form can also be found in the Appendix of Ref. 24 . Following Ram-Mohan et al. 24 we assumed that the basis set of zonecenter Bloch functions u j,k=0 ͑r͒ is identical for the well ͑InSb͒ and barrier ͑Al x In 1−x Sb͒ materials.
Within the above framework the eigenfunctions of the single-particle Hamiltonian H are expressed as linear combinations of the band-edge Bloch functions where k ʈ = ͑k x , k y ,0͒ and r ʈ = ͑r x , r y ,0͒ and the expansion coefficients, the envelope functions f nk !! j ͑z͒, are supposed to vary slowly over the lattice unit cells. The eigenvalue problem H⌿ n,k ʈ ͑r͒ = E n ͑k ʈ ͒⌿ n,k ʈ ͑r͒ reduces to a set of eight coupled differential equations for the envelope functions f nk ʈ jЈ ͑z͒ ͚ jЈ H jj Ј ͑k x ,k y ,− i ‫ץ‬ /‫ץ‬z͒f nk ʈ jЈ ͑z͒ = E n ͑k ʈ ͒f nk ʈ jЈ ͑z͒. ͑2͒
In the chosen representation 23 the matrix elements H jj Ј of the Hamiltonian are identical to the one given in Table III [24] [25] [26] [27] parameters ␥ 1 , ␥ 2 , and ␥ 3 ; and the band gap E g and spin-orbit split-off energies ⌬ relative to the ⌫ 8 v valence-band edge. We used the axial approximation by setting the modified Luttinger parameters ␥ 2 and ␥ 3 equal to each other and equal to ␥ = ͑2␥ 2 +3␥ 3 ͒ / 5. 24 The axial approximation neglects the anisotropy in the dispersion relations E n ͑k ʈ ͒. Furthermore we neglected the material dependence of the parameters P, F, ␥ 1 , ␥ 2 , and ␥ 3 . For the interband matrix element P we used the value for InSb reported by Auvergne et al. 28 We took the recommended values from Table IX of Ref. 14 for the other band-structure parameters of InSb.
The temperature dependencies of the InSb and AlSb band gaps E g were taken into account through the empirical Varshni law 14 using the values for the Varshni parameters ␣ and ␤ given in Ref. 14. The band gap and spin-orbit splitting dependence of the Al x In 1−x Sb alloy of composition fraction x were accounted for using the following quadratic interpolation formula: 14, 29 T͑Al
where T stands for either E g or ⌬. We have used the values recommended by Vurgaftman et al. 14 for the bowing parameters C T . Through Eq. ͑3͒ we have also accounted for the temperature dependence of the alloy band gap by using temperature-dependent values for the InSb and AlSb band gaps.
Strain due to the lattice constant mismatch between the Al x In 1−x Sb alloy and InSb was included in our model through its effect on the InSb band gap. The lattice constant of Al x In 1−x Sb was determined by Vegard's law 30 with temperature-dependent values of InSb and AlSb lattice constants taken from Ref. 14. The compressive biaxial strain lifts the light-and heavy-hole degeneracies at the ⌫ point. 32 Using the methods described by Dai et al. 7 and Kasturiarachchi et al. 31 and material parameters for InSb and AlSb as recommended by Vurgaftman et al., 14 we have calculated the strained band gaps between the conduction and heavy-and light-hole bands, respectively, and used them as input parameters in our simulations. For the conduction-band offset ratio Q c we assumed the value Q c = 0.62. 31 We treated the model given by Eq. ͑2͒ numerically, assuming that the envelope functions vanish at the surface of the sample and deep inside the substrate. The solutions of the eigenvalue problem were found by expanding the envelope functions in a Fourier series and expressing the matrix elements H jj Ј of the EFA Hamiltonian in the Fourier basis. The resulting matrix was diagonalized numerically using standard LAPACK routines.
B. Luminescence model
The microscopic mechanism underlying electroluminescence in semiconductor quantum wells is the spontaneous emission of light due to electron-hole recombination. The spontaneous emission is purely a quantum mechanical process which requires a quantum description of the electromagnetic ͑EM͒ field. We have used the standard quantization in a finite volume procedure 33 for the EM vector-potential operator A ជ ͑r ជ , t͒ and worked in SI units. In this paradigm a classical EM wave characterized by wave vector q ជ, polarization vector ជ Ќ q ជ, and angular frequency q = c͉q ជ͉ is viewed as a collection of photons in single-particle modes ͉q ជ͘ characterized by two quantum numbers q ជ and . The number of possible photon modes per unit energy describing photons propagating in solid angle d⍀ with definite polarization is given by the photon density of states ͑ប͒ = V 2 n 3 / ប͑2c͒ 3 , 33, 34 where n is the refractive index of the medium and V is the quantization volume.
The number of polarized photons emitted per unit energy interval per second in a solid angle d⍀ due to electron-hole recombination in the volume of a quantum well is given by the expression
where the summation is over all pairs of electron-hole states, f͓E n ͑k ជ ʈ ͔͒ is the statistical probability that the conductionband state ͉nk ជ ʈ ͘ is occupied, and 1 − f͓E m ͑k ជ ʈ ͔͒ is the probability that the valence band state ͉mk ជ ʈ ͘ is empty. We assume that the relaxation time of electrons and holes injected into the quantum well is much shorter than the radiative recombination time. Therefore, on the timescale of electron-hole recombination, the hole and electron gases behave effectively as being in thermodynamic equilibrium characterized by some effective temperature T e , which in general is different and higher than the temperature of the host crystal lattice T c . In this approximation the statistical distribution function f͑E͒ takes the simplified form of the Fermi-Dirac function f͑E͒ is calculated within the first-order, time-dependent perturbation method ͑Fermi golden rule͒, 35 using the following dipole approximation: 33, 36 
͑5͒
where m is the free-electron mass, is the dielectric constant of the medium, e is the electron charge, n is the refractive index of the medium, ជ is the polarization vector of the EM field, and nm ͑k ជ ʈ ͒ is the Bohr frequency of the transition between states ͉nk ជ ʈ ͘ and ͉mk ជ ʈ ͘ determined by the equation
The conservation of energy in the emission process is enforced by the Dirac delta function in Eq. ͑5͒ which also ensures that only resonant transitions fulfilling the condition = nm ͑k ជ ʈ ͒ contribute to the emitted radiation. Information about the effects of the electron energy subband structure in the quantum well is contained in the momentum matrix element ͗mk ជ ʈ ͉p ជ͉nk ជ ʈ ͘ and the electron and hole subband dispersion relations E n ͑k ជ ʈ ͒ and E m ͑k ជ ʈ ͒. Photons with the same frequency resulting from spontaneous emission between different states have uncorrelated propagation directions and polarizations. The resulting EM field is represented by the total number of emitted photons N͑ប͒ with angular frequency which is obtained by summing N q ͑ប͒ over the two linearly independent polarization modes = Ϯ 1 and integrating over all propagation directions N͑ប͒ = ͐ ⍀ d⍀͚ N q ͑ប͒, where ⍀ is the unit sphere. The total energy carried by the emitted radiation per unit energy interval per unit time is given by the product of N͑ប͒ and the energy carried by each photon ប, P͑ប͒ = N͑ប͒ប. The experimentally observable spectral emittance is the EM energy per unit time and unit energy interval passing through unit surface area at distance r, I͑ប͒ = P͑ប͒ / 4r 2 
͑WJ
−1 m −2 ͒. In the derivation of Eq. ͑5͒ we have assumed that the conduction-and valence-band energy levels are well defined. In practice there are a number of environmental factors which lead to deviation from the ideal delta peak shape of the transition introducing broadening into the line shape. The underlying mechanisms are usually classified into the two groups of homogeneous and inhomogeneous broadening. The natural linewidth and electron-phonon scattering are usual sources of homogeneous broadening. As is usually accepted [37] [38] [39] we modeled their effect on the emission line shape by the substitution of the Lorentzian function L͑ប , ប nm ͑k ជ ʈ ͒ ; ⌫ H ͒ instead of the Dirac delta in Eq. ͑5͒ where the homogeneous linewidth ⌫ H is the full width at half maximum ͑FWHM͒ of the Lorentzian. The combined effect of the individual homogeneous mechanisms is modeled by a convolution of Lorentzians, which is again Lorentzian with Possible sources of inhomogeneous broadening are well width fluctuations across an individual well or well-to-well width fluctuations arising during QW growth. They lead to statistical distribution of the Bohr frequencies of the transition nm ͑k ជ ʈ ͒ around the values for an ideal well. We have assumed that the transition energies E associated with the Bohr frequencies are normally distributed around the ideal value ប nm ͑k ជ ʈ ͒ for the transition ͉nk ជ ʈ ͘ → ͉mk ជ ʈ ͘ with FWHM of the Gaussian ⌫ I . Contributions of the individual mechanisms to the overall inhomogeneous broadening is given by the expression 40 
2 +¯. The combined effects of the two types of broadening are taken into account by the Voight function which is a convolution of the Lorentzian and Gaussian functions described above and is explicitly given by
where the lower limit of the integration is restricted to zero because of the interpretation of the integration variable as a transition energy. This line shape has been used for the determination of the linewidth of intersubband transitions 37 in the InGaAs/AlGaAs system and for the description of the line shape in the vicinity of the exciton absorption lines in GaAs multiple quantum wells. 41 The normalization constant A arises from the conservation of energy principle enforced by the integral of the Voight function over all possible transition energies ប͐d nm U͑ប , ប nm ͑k ជ ʈ ͒ ; ⌫ I , ⌫ H ͒ = 1. For the sake of computational efficiency we have used the approximation to the Voight function developed in Ref. 40 .
The final explicit form of the spectral emittance which we have used to interpret the experimental data is thus given as follows:
III. EXPERIMENTAL METHOD
The samples studied were grown by molecular-beam epitaxy at QinetiQ Malvern on SI GaAs substrates.
1 A schematic diagram of the QW LED structure is shown in Fig. 1 . The InSb QWs were grown on top of a 3-m-thick Al x In 1−x Sb barrier and were capped with a 120-nm-thick layer of Al x In 1−x Sb. Tellurium and beryllium were used to dope the layers n type and p type to nominal levels of 2 ϫ 10 17 and 5 ϫ 10 18 cm −3 , respectively. Three QW LED structures were investigated: QW1 had a 20 nm undoped InSb quantum well with a barrier composition of x = 0.143; QW2 had a 40 nm undoped InSb well with a barrier composition of x = 0.077; and QW3 had a 100 nm undoped InSb well with a barrier composition of x = 0.025. The composition of the barrier layers was determined by x-ray diffraction measurements. Devices consisted of 16 elements connected in series yielding a total emitting area of 1 mm 2 . More details concerning device structure, growth, and doping can be found in Ref. 13 ͑and references therein͒. The devices were mounted on ceramic packages in a closed cycle cryostat, with optical access through a CaF 2 window. Emitted light from the devices was collimated using a CaF 2 lens and directed to a SPEX 270 M grating spectrometer ͑with a 5 m blazed grating͒. Peak injection currents used were 2 mA for QW1 and 20 mA for QW2 and QW3. Measurements were carried out at either 15 or 25 K.
IV. RESULTS AND DISCUSSION
A. Overview
The interpretation of the experimental results in the present study is an example of the reverse problem in theoretical physics. In its most general formulation one has to understand and describe a set of interrelated physical effects and mechanisms determining the experimental results based mostly on the experimental observations. We solved the problem for the spontaneous emission from QW1, QW2, and QW3 by the method of line-shape fitting employing the theoretical model described in Sec. II which contains five fitting parameters: the effective temperature T e , the injected carrier density in the well n, the homogeneous broadening ⌫ H , the inhomogeneous broadening ⌫ I , and the net bias across the quantum well V net .
We have assumed that the electron and hole gases can be characterized by the same effective temperature T e . 39 The condition for charge neutrality in the quantum well as a whole requires that the injected carrier density for electrons is equal to that of holes n e = n h = n. The net bias across the well is the difference between the built-in potential of the p-i-n junction and the voltage drop across it due to the externally applied voltage. Estimation of this voltage drop is unreliable due to the contact resistance present in the device architecture. The contact resistance depends on the growth conditions which may vary from sample to sample. We have therefore treated the net bias across the quantum well as a fitting parameter. We have minimized the weighted chisquared 2 ͑T e , n , ⌫ H , ⌫ I , V net ͒ function in the fivedimensional parameter space using the global nonlinear minimization algorithm of simulated annealing ͑SA͒ ͑Refs. 42 and 43͒ subject to constraints in the parameter space. For selected cases we have compared the results of the 2 minimization by the SA with the more accurate, but computationally much more intensive, differential evolution algorithm. 44 The results were in satisfactory agreement, giving us confidence in the parameter estimates obtained by SA.
The best fit between experiment measurements and theoretical calculations and the values of the five fitting parameters have been determined as the values of T e , n , ⌫ H , ⌫ I , V net which give the minimum value of 2 , according to the general theory of optimization. We have not supposed any particular values for the fitting parameters T e , n , ⌫ H , ⌫ I , V net , rather their values have been calculated by the SA ͑Refs. 42 and 43͒ minimization algorithm. Furthermore the comparison between the experimental and theoretical line shapes presented in Figs. 3͑a͒, 4͑a͒, and 5͑a͒ is to serve only as a visual confirmation for the quality of the fit and not as the criterion for it. The criteria for the best fit is the minimum of the maximum-likelihood estimator 2 ͑T e , n , ⌫ H , ⌫ I , V net ͒. 45 The contribution of different types of transitions to the observed spectrum has not been determined on the basis of simple identification of sharp features in the experimental spectrum but rather upon the examination of the simulated threshold energies for the transitions ͓designated with arrows in Figs. 3͑a͒, 4͑a͒, and 5͑a͔͒, the optical transition matrix elements as the generalization of the "optical selection rules," and ultimately from the simulated emission from a particular transition for the estimated values of the fitting parameters T e , n , ⌫ H , ⌫ I , V net .
B. Basic band-structure effects
Zero-bias simulations
In order to gain a better understanding of the mechanisms of electroluminescence in the studied low-dimensional het- erostructures, we have performed reference simulations for the energy subband structure at zero net bias V net = 0. These were compared with the band-structure simulations, which were performed using the value for the net bias V net obtained from the best-fit parameters for the three QWs as presented in Table I . This has allowed us to separate the influence of finite net bias across the QWs on their energy subband structures and the effects resulting from that. Results from the V net = 0 simulations for conduction-band, heavy-hole band, and light-hole band edges as functions of the growth direction z, together with the bottoms of the conduction and hole subbands for the three quantum wells, are plotted in Figs. 2͑a͒-2͑c͒ for QW1, QW2, and QW3, respectively. As mentioned in Sec. II A, the compressive biaxial strain lifts the light-and heavy-hole degeneracies at the ⌫ point. Comparison of the three figures shows an increase in the number of confined subbands with increasing well thickness in line with the general predictions of size quantization. These subband structure effects imply that we can expect more transitions to contribute to the overall emission spectrum for wider wells eventually leading to more well-pronounced peaks in the emission spectrum with increased well width. An additional effect of the size quantization is the decrease in the electron and hole energy upshifts for increasing well width, which is very well pronounced for the electron band structure shown in Figs. 2͑a͒-2͑c͒. It is still valid for the hole band structure, but is not so well resolved due to the higher effective mass of the hole subbands. The reduction in the energy upshifts means that the effective band gap E g eff , defined as the energy difference between the bottom of the first electron and hole subbands E g eff = E 1 e ͑0͒ − E 1 h ͑0͒, is inversely proportional to the well width. As the onset of the spontaneous emission spectrum is determined by the effective band gap E g eff , in the absence of exciton transitions and broadening, the performed simulations predict a slight redshift in energy for the onset of emission with increasing well width. Taking as a reference the effective band gap E g eff of QW1 ͑20 nm wide͒, our simu- lations predict a 21.6 meV decrease in E g eff for QW2 ͑40 nm wide͒ and a 28.5 meV decrease in E g eff for QW3 ͑100 nm wide͒.
The variation in the aluminum ͑Al͒ concentration x in the barrier material Al x In 1−x Sb of the three QW structures influences the energy band structure in two ways. First, according to the combination of Eq. ͑3͒ with the value of the bowing parameter C T , 14 the band gap of the barrier material Al x In 1−x Sb is directly proportional to the Al concentration x. The Al concentration in the experimental samples increases with decreasing well width having the largest value for QW1 ͑20 nm wide͒. We have estimated that the barrier band gap for QW1 is E g ͑Al 0.143 In 0.857 Sb͒ = 489.4 meV, while the barrier band gap for QW3 is E g ͑Al 0.025 In 0.975 Sb͒ = 286.6 meV. In addition to the modification of the barrier band gap the presence of Al in the barrier changes its lattice constant leading to mismatch between the lattice constants of the well and barrier materials. The resulting compressive biaxial strain modifies the bulk band edges in the QWs lifting the HH-LH degeneracy at the ⌫ point as indicated in Fig. 2 and changes the fundamental energy band gap, which in the present case is CB-HH. The fundamental band gap therefore increases with increasing Al concentration, thus having an opposite effect on the depths of the electron and hole potential wells than the increase in the barrier band gap. Using the method 7,14,30,31 described in Sec. II, we have calculated that the fundamental energy gap for QW1 is E g well = 253.8 meV, while that for QW2 is E g well = 238.7 meV. This energy difference caused by the variation in Al concentration is of the order of 20 meV or an order of magnitude smaller than the 200 meV energy difference due to the change in the barrier band gap. Therefore we conclude that the dominant effect of the Al concentration on the electron and hole potential well depths is due to the modification of the barrier band gap E g ͑Al x In 1−x Sb͒. For the studied devices the resulting decrease in the potential well depths with increasing QW width, which can be clearly seen by comparing Figs. 2͑a͒-2͑c͒, competes against the size quantization effects with regard to the number of confined electron and hole subbands. Inspection of Figs. 2͑a͒-2͑c͒ shows that the two competing factors nearly balance each other for the case of electron subbands, although the size quantization prevails with four confined subbands in QW3 against two in QW1. In the case of hole subbands the size quantization is the prevailing effect leading to a considerable amount of confined hole subbands for QW3 as can be easily verified by inspecting Figs. 2͑a͒-2͑c͒. This leads to a considerable effect on the emission spectrum by increasing the number of transitions which contribute.
Finite bias simulations
The results for the energy subband structure and electron and hole potential wells from simulations performed with the best-fit value of the net bias V net are shown in Figs. 2͑d͒-2͑f͒ for QW1, QW2, and QW3, respectively. The net bias V net modifies both the energy subband structure and the electron ͉nk ជ ʈ ͘ and hole states ͉mk ជ ʈ ͘, through which it has influence on the emission spectrum of the QWs. The changes induced by V net on the electron E n e ͑k ជ ʈ ͒ and hole spectra E m e ͑k ជ ʈ ͒ through the quantum confined Stark effect ͑QCSE͒ ͑Ref 46͒ lead to a decrease in E g eff with increasing net bias. For the three QWs studied the decrease in E g eff is of the order of 10 meV over the relevant bias range. The decrease in E g eff is reflected as a redshift in energy to the onset of the spontaneous emission spectrum. In general the increase in the net bias does not necessary lead to a decrease in the threshold transition energies E nm = E n ͑0͒ − E m ͑0͒ for every pair of possible transitions. It is possible that some threshold transition energies E nm actually increase, but the detection of these in the emission spectrum can be difficult due to a background of other subband transitions E nm ͑k ជ ʈ ͒ = E n ͑k ជ ʈ ͒ − E m ͑k ជ ʈ ͒ for higher values of the two-dimensional ͑2D͒ crystal momentum wave vector k ជ ʈ . In addition to the QCSE the bias V net across the well leads to lifting of the spin degeneracy away from the ⌫ point in the absence of external magnetic field, due to spin-orbit coupling effects, 16 but our simulations showed that these effects are irrelevant for the unpolarized emission spectrum. This is consistent with the fact that only energy splittings at the ⌫ point can eventually manifest themselves in the unpolarized luminescence spectrum.
The influence of the net bias on the electroluminescence spectrum through the modification of the electron ͉nk ជ ʈ ͘ and hole ͉mk ជ ʈ ͘ states leads not only to quantitative changes as in the case of QSCE but also to qualitative modification of the properties of the momentum matrix elements ͗mk ជ ʈ ͉p ជ͉nk ជ ʈ ͘ which may be manifested as observable features in the spontaneous emission spectrum. Furthermore the presence of a net bias across the quantum wells breaks the inversion symmetry of the heterostructure potential with respect to the center of the devices, referred to as structure inversion asymmetry ͑SIA͒.
Standard selection rules, as described in Ref. 36 , are based on a model for the electron and hole states which does not take into account band mixing. Under this approximation, for symmetrical quantum wells, the selection rule on the subband quantum numbers n , m, which is obtained from the overlap of the envelope functions, is determined from the global property that the envelope functions have definite parity with respect to the center of the well. This restricts the set of allowed transitions to those satisfying the condition n + m = even. 36 In the GaAs/AlGaAs material system the transitions n − m = 0 are much stronger that the remainder of the allowed transitions. 36 This has limited studies of the InSb/ Al x In 1−x Sb system only to such transitions. 7, 31 Often transitions satisfying the conditions n + m = even, or just the stronger condition n − m = 0, are referred to as "allowed transitions," while the rest are referred to as "forbidden transitions." Transitions of this type, relevant for the studied QWs, are shown in Fig. 2͑a͒-2͑c͒ . In the case of SIA the transitions for which n + m is odd are also allowed, although the asymmetry must be very strong. 36 In the eight-band model for electron and hole states, Eq. ͑1͒, due to the mixing of the electron and the three different hole states of both even and odd parities at k ជ ʈ , points away from the ⌫ point and vertical transitions between all pairs of subband states become possible [47] [48] [49] even in symmetric quantum wells. However, the question of which are the strongest transitions, which transitions have dominant contribution to the observed spec-trum, and why exactly these transitions contribute to the measured spectra in the presence of net bias across the QWs need to be addressed. We have indicated with arrows and associated labels the relevant transitions, determined to contribute to the observed spectrum in Figs. 2͑d͒-2͑f͒ for QW1, QW2, and QW3, respectively.
C. QW1 (20 nm)
To gain insight into the problems described above we have first performed line-shape fitting of the experimentally measured spectrum using the model described in Sec. II, in particular using the expression for spectral emittance given by Eq. ͑7͒. The fitting parameter values, as determined by the minimum of the weighted 2 function found by the simulated annealing algorithm, 42, 43 are given in Table I . Using these parameter estimates we have simulated the separate contributions of every transition to the overall spectrum by examining the spectral emittance due to every term in the sum over the different transitions in Eq. ͑7͒. The results from this procedure are presented in Figs. 3-5 for QW1, QW2, and QW3, respectively. In the upper plots we have shown the experimentally measured spectrum as dashed lines, with the calculated best fit represented as solid lines. Minima in all the measured spectra seen at around 292 meV are due to CO 2 absorption, which we have attempted to account for in the interpretation of the experimental results by using weighting factors in the calculation of the 2 function for the energy range of 284-300 meV.
For QW1 ͓Fig. 3͑a͔͒ there is some discrepancy between the measured and best fit at the onset of the spectrum in the energy range of 256-280 meV. We propose that this is due to exciton transitions, based on the knowledge that the exciton binding energies in general increase with decreasing well size, 36 that the optical properties of GaAs/AlGaAs QWs are dominated by the exciton transitions, 36 and the size of the exciton binding energy in bulk InSb. 50 The shoulder visible at ϳ265 meV in the data taken at 2 mA becomes much larger ͑in comparison to the peak at higher currents͒ as the current is decreased. The energy separation between this shoulder and the main peak is consistent with recent observations of bound excitons in the same material system. 51 Coupled with the small change in the energy at which this shoulder occurs with decreasing current, these results suggest that this feature is due to a bound exciton. Extensive treatment of the exciton states within the eight-band EFA Hamiltonian and exciton optical transitions for the InSb/AlInSb system is in development.
The simulated contributions from the relevant transitions n → m to the total simulated signal for QW1 using the best-fit parameters from Table I are shown in Fig. 3͑b͒ together with the total simulated signal. Clearly the transitions from the first conduction subband ͑CB1͒ to the first ͑HH1͒ and second ͑HH2͒ hole subbands are the ones which form the shape of the full signal. The peak of the full signal is associated with the CB1-HH1 transition, while the CB1-HH2 transition contributes mainly to the higher-energy part of the full signal where its contribution is masked by the CO 2 absorption. The two hole subbands have heavy-hole character at the ⌫ point, although away from it, k ជ ʈ 0, the hole subband states may have strong admixture from light-hole zone-center states and less from conduction-band and split-off subband contributions. Despite this we will use the traditional labeling of the hole subbands by the dominant zone-center Bloch states u j,k=0 ͑r͒ in the linear combination ͓Eq. ͑1͔͒ at the ⌫ point. The observation that mainly transitions to heavy-hole states contribute to the observed spectrum applies also to QW2 and QW3. This can be explained by the heavy-hole light-hole splitting at the ⌫ point caused by the compressive biaxial strain due to Al in the barrier. The effect is clearly illustrated in Fig. 2 , where one can see that the HH-LH splitting is larger than half the depth of the hole potential well. In addition we see clearly that the ratio of the HH-LH splitting to the depth of the hole potential well increases with well width. Thus the opportunity for observation of CB-LH transitions decreases with increasing well width.
To the best of our knowledge this is the first report of the CB1-HH2 transition in InSb/AlInSb quantum-well heterostructures. Although this transition is not seen as a separate peak in the measured spectrum, one can observe a small shoulder in the high-energy part of the measured spectrum peak structure which we attribute to the CB1-HH2 transition. This transition is not from the set of n + m = even transitions, which are the allowed transitions in a single band model and zero net bias. The significance of this transition for emission from QW1 can be attributed to the nonzero net bias across the well, which is realistically an unavoidable feature in p-i-n diodes, and also to conduction and hole band nonparabolicity, which stresses the need for the use of the 8 band EFA method for an improved description of quantum-well subband structure and the resulting optical properties.
D. Broadening effects
By comparing simulations performed without account for the broadening mechanisms with simulations performed over a range of values for both types of broadening, we have concluded that the main reason that the CB1-HH2 transition is not better resolved in the measured spectrum is due to the combined effects of homogeneous and inhomogeneous broadening. This can be understood by examining the effect of the broadening function U͑ប , ប nm ͑k ជ ʈ ͒ ; ⌫ I , ⌫ H ͒ in the expression for the spontaneous emission in Eq. ͑7͒. Without it, electron-hole recombination ͉n , k ជ ʈ ͘ → ͉m , k ជ ʈ ͘ with transition energy ប nm ͑k ជ ʈ ͒ will lead to emission of radiation with angular frequency , which is in resonance with the Bohr frequency of the transition = nm ͑k ជ ʈ ͒. On the other hand the presence of the broadening function U͑ប , ប nm ͑k ជ ʈ ͒ ; ⌫ I , ⌫ H ͒ introduces a finite probability for the energy ប nm ͑k ជ ʈ ͒, released in the ͉n , k ជ ʈ ͘ → ͉m , k ជ ʈ ͘ transition, to be emitted as radiation with angular frequency nm ͑k ជ ʈ ͒, thus effectively describing nonresonant emission processes. The principle of conservation of energy then requires the probability for resonant emission in which = nm ͑k ជ ʈ ͒ to be reduced appropriately. The effect on the spectral emittance line shape is twofold. First the value I͑ប͒ of the emittance at energy ប nm ͑k ជ ʈ ͒ will be smaller for higher values of the broadening parameters ⌫ I and ⌫ H . Second for higher values of the broadening parameters ⌫ I and ⌫ H the increased probability for off-resonance emission leads to increase in the value of the spectral emittance I͑ប͒ for energies in the neighborhood of the energy of the transition ប nm ͑k ជ ʈ ͒. The combination of these two effects forms the mechanism behind the smearing of the sharp peaks in the emission spectrum associated with threshold energies E nm ͑0͒ for transitions between the electron and hole subbands n → m. This mechanism of course is not restricted only to the CB1-HH2 transition in QW1 but is general. It can be used to explain the smearing of, or lack of, sharp features in the emission spectrum for different quantum wells and all types of transitions. In particular we attribute the lack of sharp features in the measured electroluminescence spectrum of QW2 presented in Fig. 4 to the above described mechanism and not due to the lack of forbidden transitions.
These conclusions are supported by our estimates of the broadening parameters ⌫ I and ⌫ H presented in Table I , which we have obtained by the method of line-shape fitting. 37 The inhomogeneous broadening parameter ⌫ I attracts particular attention. Its values for QW1 and QW2 are similar ͑4 and 5.7 meV, respectively͒, while its value for QW3 ͑0.35 meV͒ is an order of magnitude smaller than those of QW1 and QW2. This is in qualitative agreement with the rapid nonlinear decrease in inhomogeneous broadening with well width examined in Ref 52 . Inspection of the spontaneous emission spectrum of QW3, shown in Fig. 5 , shows the presence of many well-resolved peaks, which, together with the data in Figs. 3 and 4, is consistent with the mechanism described in the previous paragraph. As mentioned in Sec. II the main physical factor behind the inhomogeneous broadening in this case is probably width fluctuations along a particular well. This implies that well width fluctuations play stronger role for QW1 and QW2, and for these two cases the inhomogeneous dominates over homogeneous broadening. For the widest well ͑QW3͒ the two types of broadening are of comparable magnitude. We have illustrated the effect of the homogeneous and inhomogeneous broadenings on the simulated spectrum for QW1 in Figs. 6͑a͒ and 6͑b͒, respectively. An increase in the two types of broadening decreases the peak height in accordance with the described mechanism and broadens the emittance lineshape. As an implication of the above discussion we predict that well-resolved peaks in the electroluminescence spectrum from QW heterostructures corresponding to transitions satisfying the conditions n + m = even or forbidden transitions should be observable for small-enough values of the broadening parameters ⌫ I and ⌫ H . In practice this requires quantum wells of very good quality to reduce the well width fluctuations, and the associated phenomenological parameter ⌫ I , as the measured signal is more sensitive to changes in the value of the inhomogeneous broadening.
E. QW2 (40 nm)
In Fig. 4͑a͒ the measured and calculated spectra, using the parameters in Table I , are plotted for QW2. There is good overall agreement between the two curves especially regarding the onset. Note that we have used a single broadening parameter to achieve the best overall fit between the total measured spectra and the total simulated spectra. This has a tendency to lead to an overestimation of the amount of broadening and consequently smooth out the simulated spectra to some degree. Future work will examine the importance of different amounts of broadening for each transition, which could lead to more precise reproduction of the sharp features in the measured spectra. The slight difference in the peak position can be mainly attributed to underestimation of V net , and the disagreement in the tail structure can be attributed to both the CO 2 absorption and the slight underestimation of T e . These small discrepancies in the exact numerical estimation of the fit parameters could be due to the fact that the minimum of 2 is not exactly the global one but close to it, or due to the resolution in the fitting parameter values. However, these slight numerical differences do not affect the conclusions in any way.
The simulations performed for the contribution from the different subband transitions n → m are presented in Fig.  4͑b͒ . We have found that the main transitions that contribute to the electroluminescence spectrum are the transitions from CB1 to the first five hole subbands HH1-HH5 and from the second conduction subband ͑CB2͒ to the first three heavyhole subbands HH1-HH3. Their contribution was calculated using the best-fit parameters from Table I and is shown in Fig. 4͑b͒ . Note that in this case there are no confined LH states within the quantum well due to the lifting of the lightheavy-hole degeneracy by the compressive strain. We have found that transitions from the conduction subbands CB1 and CB2 to more remote hole subbands also contribute to the high-energy ͑tail͒ part of the spectrum, but due to very low statistical occupation of these states according to the FermiDirac function their separate effect is marginal ͓for clarity we have not plotted these in Fig. 4͑b͔͒ . The contribution of significantly more transitions to the spectrum of QW2 ͑which contains the 40-nm-wide well͒ is commensurate with the effects of size quantization discussed earlier. The onset of the emission is almost entirely due to three transitions: CB1-HH1, CB1-HH2, and CB1-HH3. The slight shoulder near the CB1-HH2 marker is probably due to the CB1-HH2 transition, although, due to the combined statistical and broadening effects, the transitions CB1-HH1 and CB1-HH3 also contribute at this emission energy. The small shoulder in the experimental spectrum near the marker CB2-HH2 in Fig.  4͑a͒ , which designates the threshold energy of the CB2-HH2 transition, is probably due to the CB2-HH2 transition. The better resolved shoulder before the dip in the experimental spectrum is probably predominantly due to the contribution from the CB2-HH3 transition. We attribute the main peak in the experimental spectrum to the CB2-HH1 transition. Background signal at this emission frequency is also provided by the CB1-HH3, CB1-HH4, and CB2-HH2 transitions, but as can be seen in Fig. 4͑b͒ the strength of the signal from these transitions is around two times smaller than the CB2-HH1 transition. The CB2-HH1 transition has the highest overall contribution to the emission spectrum of QW2 compared with all the other interband transitions.
F. Matrix elements and selection rules
In QW2 therefore, more clearly than in the case of QW1, because of the larger number of transitions present we see that the notion of forbidden transitions cannot be used in the interpretation of an electroluminescence spectrum of a QW heterostructure. Even more strikingly a transition, which in a simplified model falls in the category of forbidden transitions, actually contributes the strongest signal and gives the main contribution to the best observable feature in the experimental spectrum-its main peak. In order to understand this behavior we have investigated the momentum matrix elements ͗mk ជ ʈ ͉p ជ͉nk ជ ʈ ͘, which determine the selection rules of the problem. For unpolarized emission only the modulus squared of the momentum matrix elements ͉p nm ͑k ជ ʈ ͉͒ 2 = ͉͗mk ជ ʈ ͉p ជ͉nk ជ ʈ ͉͘ 2 contributes to the emittance I͑ប͒, so we will focus on them. We would like to stress that the k ជ ʈ dependence of the squared matrix elements ͉p nm ͑k ជ ʈ ͉͒ 2 is important and needs to be taken into account even for qualitative explanation of the emission spectrum. Because of the k ជ ʈ dependence, discussing selection rules or comparing strengths of transitions without regard for the 2D wave vector k ជ ʈ is inaccurate. In order to examine these effects on the spontaneous emission spectrum we have performed two steps. First, in the axial approximation all quantities in Eq. ͑7͒ are independent of the direction of the 2D wave vector k ជ ʈ . For this isotropic band structure we have used a set of standard mathematical tools to perform the summation over the directional dependence in the wave vector
where a is the lattice constant of the direct lattice, L is the linear size of the sample in the x-y plane,
2 k ͉͉ is the density of states per unit modulus k ʈ of the 2D crystal wave vector k ជ ʈ , and the summation over the 2D wave vector k ជ takes all possible values within the two-dimensional first Brillouin zone ͑2DFBZ͒. The important quantity in the resulting summation over the magnitude of the wave vector k ជ ʈ is the product between the squared momentum matrix element and the density of states per unit k ʈ : g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 . All the optically relevant information about the electron ͉n , k ជ ʈ ͘ and hole ͉m , k ជ ʈ ͘ wave functions, with 2D crystal wave vector quantum numbers satisfying the condition ͉k ជ ʈ ͉ = k ʈ , are contained in this product which determines the strength of the transitions. The second step was to relate the above product directly to the transition energies by g ͑2D͒ ͓k ʈ ͑ប nm ͔͉͒p nm ͓k ʈ ͑ប nm ͔͉͒ 2 using the function k ʈ ͑ប nm ͒, which is the inverse of ប nm ͑k ʈ ͒ = E n ͑k ʈ ͒ − E m ͑k ʈ ͒. Figure 7 depicts the functions g ͑2D͒ ͓k ʈ ͑ប nm ͔͉͒p nm ͓k ʈ ͑ប nm ͔͉͒ 2 for the subband transitions CB1-HH1:HH5 and CB2-HH1:HH5, as obtained from the simulations of QW2 for zero net bias and the net bias from the best-fit parameters in Table I .
The fact that the selection rules n + m = even do not hold within the eight-band EFA approach and do not offer realistic description of the physical processes even in the case of symmetric quantum wells ͑V net =0͒ is clearly demonstrated in
Figs. 7͑a͒ and 7͑b͒ by the fact that the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 is nonzero for all the depicted transitions. In addition we see that when we compare the strengths of different transitions we need to do so with regard to a particular transition energy ប mn . There are no strong or weak transitions, rather there are transitions that dominate over a part of the energy range. In particular, based on the information in Figs. 7͑a͒ and 7͑b͒, we would expect that the luminescence signal from QW2 under zero net bias would be dominated by the CB1-HH1 transition in the 252-265 meV range, CB1-HH2 in the 265-272 meV range, while beyond 272 meV the signal would be a mixture from several transitions.
The results for the dependence of the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 on the transition energies ប nm for QW2, at the bias from the best-fit parameters in Table I , are presented in Figs. 7͑c͒ and 7͑d͒ . The effect of the QCSE caused by the bias V net manifests itself in the redshift of the onsets of the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 for all different transitions; for example, the onset of CB1-HH1 transition in Fig. 7͑a͒ is at around 252 meV, while the onset of the same transition in Fig. 5͑c͒ is at 228 meV. The effect that leads to qualitative difference is the change in the functions g ͑2D͒ ͓k ʈ ͑ប nm ͔͉͒p nm ͓k ʈ ͑ប nm ͔͉͒ 2 . For most of the transitions the peak value of the examined functions is lower for the finite bias case than for the zero bias. We attribute this to the overall decreased overlap of the electron and hole wave functions which tend to become localized in the opposite sides of the quantum well due to the SIA induced by the bias across the well. The major consequence of this effect on the luminescence properties would be the decrease in the value of the spectral emittance for increasing bias, if all the other factors were kept constant and were not influenced by the bias.
Another interesting trend that one can notice in Figs. 7͑c͒ and 7͑d͒ is that transitions from a particular conduction subband to lower heavy-hole subbands tend to have slightly higher values of the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 compared to transitions with smaller threshold energy. For example, in Fig. 7͑c͒ the transition CB1-HH4 dominates over the transitions CB1-HH1:HH3, which have lower threshold energies, after some crossover energies specific to the transitions pair. This behavior can be explained qualitatively by the interplay of two effects. The first is the localization of the electron and hole wave functions on the opposite sides of a quantum well due to SIA induced by the net bias. The second is the fact that wave functions associated with higher eigenenergies tend to be less localized. As a consequence, in a biased quantum well the overlap between the electron and hole wave functions will increase with increased electron/hole energy, which will increase the momentum matrix element ͉p nm ͑k ʈ ͉͒ 2 , and from there will tend to increase the product 
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g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 . In the present model the increase in the electron/hole energy is equivalent to an increase in either the subband index n / m or the 2D crystal wave vector k ជ ʈ , which can explain the observed trend. The same mechanism can explain why the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 is higher for the transitions from CB2 to the heavy-hole subbands compared with transitions from CB1 to the heavy-hole subbands. The above described mechanism is important for the understanding of the spectrum of QW2 in particular and to the electroluminescence spectra of QWs in general.
The data presented in Figs. 7͑c͒ and 7͑d͒ offer part of the explanation for the structure of the contribution of different subband transitions to the full luminescence signal. The other part of the explanation is statistical in nature-the electron and hole states occupational probabilities which in our model are described by the Fermi-Dirac function. A way to separate the two parts is to use the following gedanken-suppose that the electron and hole gases are degenerate with suitably chosen chemical potentials e and h such that e − h = 276 meV. Within this approximation inspection of Figs. 7͑c͒ and 7͑d͒ would imply that the dominant contribution to the spectrum is due to the CB2-HH1 transition with a significant contribution from CB1-HH3 and CB1-HH4, due to the mechanism qualitatively explained in the previous paragraph. The strengths of the CB1-HH1 and CB1-HH2 transitions are an order of magnitude smaller. On the other hand the data shown in Fig. 4͑b͒ shows a much smaller difference between the peak heights of CB1-HH1, CB1-HH2, CB1-HH3, and CB2-HH1. To explain this we need to abandon the degenerate gas approximation and account for the statistical occupation of the electron/hole subband states. Comparison of the signal from CB1-HH1 with the CB1-HH2 transition in Fig. 4͑b͒ shows that the statistical factor does not alter the relative contribution as implied within the degenerate gas approximation from the products g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 in Fig.  7͑c͒ . This can be attributed to the relatively small energy difference between HH1 and HH2 subbands. In contrast, despite the order-of-magnitude difference between the products g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 of the CB1-HH1 and CB2-HH1 transitions the peak height of their signal on Fig. 4͑b͒ is of the same order of magnitude. The reason is the relatively big difference between the first and second conduction subbands as depicted in Fig. 2͑e͒ , as a result of which the relevant conduction-band states ͉1,k ជ ʈ ͘ have significantly higher occupational probability than their counterparts ͉2,k ជ ʈ ͘, thus compensating the order-of-magnitude difference between the g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 in this case. The same argument of combination of the band-structure effects with statistical factors can be used to explain the contribution of the other signals. The main conclusion of the above argument is that all the effects of the symmetry and overlap of electron and hole wave functions, including the selection rules if any, can be significantly modified by the occupational statistics, thus diminishing their significance for the analysis of the electroluminescence spectrum.
G. QW3 (100 nm QW)
The results from the line-shape fitting for QW3 are presented in Fig. 5͑a͒ with the best-fit parameters given in Table   I . ͑Note that in this case, we believe that some of the features in the measured spectra may be due to temperature fluctuations caused by the closed cycle helium cryostat used. In particular, the features observed in the measured spectra above 260 meV in QW3 are much less pronounced in measurements made at a different time on another LED, fabricated from the same wafer. However, it is very difficult experimentally to unambiguously confirm that the features above 260 meV in the data shown in Fig. 5 are solely due to temperature fluctuations. Further work is underway to investigate this.͒ The agreement between the measured spectrum ͑at 25 K͒ and the theoretical fit is satisfactory in the tail structure, indicating a good estimate of the effective temperature. There is good agreement between the three major peaks of the measured spectrum and theoretical calculations, including some shoulders in both the experimental and theoretical curves. The onset of the theoretical calculations shows small shoulders at energies close to the energies of the peaks at the onset of the experimental spectrum.
A possible explanation for the discrepancies between experimental measurements and theoretical simulations is the fact that we have performed the electronic structure calculations in the standard single-particle approximation instead of using some many-body scheme such as the Hartree-Fock approximation or the density functional theory ͑DFT͒. Many body effects might play more prominent roles in wider wells than in narrow ones. Another possible reason for the discrepancy is the band bending due to the modulation doping of the barrier materials which we have not taken into account. More extensive treatment of the problem including the above approximation is in advanced stage of development and will be reported elsewhere. Finally it is possible that the found minimum in 2 is not exactly the true global one but close to it. However these small discrepancies do not affect our conclusions.
The size quantization effects manifest themselves in the many possible transitions that contribute to the spectrum of QW3. We have found that more than 40 transitions contribute to the spectrum of QW3. The considerable number of transitions that contribute is a consequence of both the size quantization and the contribution from the so called forbidden transitions, confirming our conclusions from Secs. I-III. This, in combination with the low estimates for the homogeneous ⌫ H and inhomogeneous ⌫ I broadening parameters ͑presented in Table I͒ , is consistent with the many observed sharp peaks in the experimental spectrum. The appreciable number of transitions contributing to the spontaneous emission spectrum of QW3 demonstrates the difficulties in the interpretation of luminescence experiments of wide quantum wells. Only ten transitions, assessed to be most relevant depending on their contribution to the full signal, have been shown in Fig. 5͑b͒ . We have found the CB1-HH8 transition to be the first significant contribution due to the very small value of the product g ͑2D͒ ͑k ʈ ͉͒p nm ͑k ʈ ͉͒ 2 for the transitions CB1-HH1:HH7 which in this case cannot be compensated by the statistical factors as in QW2. This is the primary reason behind the absence of the three initial peaks, observed in the experimental curve, from the theoretical one. The transitions from higher lying conduction bands have more weight in the spectrum compared with QW2 and QW1.
V. CONCLUSIONS
We have investigated the low-temperature optical properties of InSb QW LEDs, with different barrier compositions, as a function of well width. Three devices were studied: QW1 had a 20 nm undoped InSb quantum well with a barrier composition of Al 0.143 In 0.857 Sb; QW2 had a 40 nm undoped InSb well with a barrier composition of Al 0.077 In 0.923 Sb; and QW3 had a 100 nm undoped InSb well with a barrier composition of Al 0.025 In 0.975 Sb. To identify the transitions that contribute to the measured spectra, the spectra have been simulated using an eight-band k . p calculation of the band structure together with a first-order time-dependent perturbation method ͑Fermi golden rule͒ calculation of spectral emittance, taking into account broadening. In general there is good agreement between the measured and simulated spectra. Values of 4, 5.7, and 0.35 meV were obtained for the inhomogeneous broadening in QW1, QW2, and QW3, respectively, indicating the high material quality of the devices.
For QW1, the signature of two transitions ͑CB1-HH1, CB1-HH2͒ can be seen in the measured spectrum, whereas for QW2 and QW3 the signature of a large number ͑approxi-mately 8 and 40, respectively͒ of transitions is present in the measured spectra. In particular, transitions to HH2 can be seen.
In QW2 we attribute the main peak in the experimental spectrum to the CB2-HH1 transition, which has highest overall contribution to the emission spectrum of compared with all the other interband transitions. This transition normally falls into the category of forbidden transitions, and in order to understand this behavior we have investigated the momentum matrix elements, which determine the selection rules of the problem. Further work is now underway to investigate the excitonic effects and also the effect of an external magnetic field on the spectral properties of these LEDs, which provide an exciting route to explore the unique properties of the InSb material system.
